Recovery of sulfur from phosphogypsum : conversion of calcium sulfide to sulfur by Rice, David A. (David Arthur) et al.
PLEASE DO Nar REMOVE FROVI LIBRARY
Recovery of Sulfur From Phosphogypsum:
Conversion of Calcium Sulfide to Sulfur
By David A. Rice, Olice C. Carter, Jr., Alexander May,
Margaret M. Ragin, and Robert G. Swanton
1910 * 80 * 1990
YEARS
AU OF MI
UNITED STATES DEPARTMENT OF THE INTERI
U.S. Bureau of Mine~ ··"1
Spo!(;:ifle Research Center
E. :;!5 Montgomery twe.
Sn':1:~:na, INA 99207
Li F? P[il h'Yb!G:w"hn
Mission: As the Nation's principal conservation
agency, the Department of the Interior has respon-
sibility for most of our nationally-owned public
lands and natural and cultural resources. This
includes fostering wise use of our land and water
resources, protecting our fish and wildlife, pre-
serving the environmental and cultural values of
our national parks and historical places, and pro-
viding for the enjoyment of life through outdoor
recreation. The Department assesses our energy
and mineral resources and works to assure that
their development is in the best interests of all
our people. The Department also promotes the
goals of the Take Pride in America campaign by
encouraging stewardship and citizen responsibil-
ity for the public lands and promoting citizen par-
ticipation in their care. The Department also has
a major responsibility for American Indian reser-
vation communities and for people who live in





Report of Investigations 9297
Recovery of Sulfur From Phosphogypsum:
Conversion of Calcium Sulfide to Sulfur
By David A. Rice, Olice C. Carter, Jr., Alexander May,
Margaret M. Ragin, and Robert G. Swanton
UNITED STATES DEPARTMENT OF THE INTERIOR
Manuel Lujan, Jr., Secretary
BUREAU OF MINES
T S Ary, Director
This report is based upon research conducted under an agreement between the University of
Alabama and the Bureau of Mines.
Library of Congress Cataloging in Publication Data:
Recovery of sulful' f!'Om phosphogypsum convel'Slon of calcium sulfide to
sulful' / by David A. Rice ... ret aLl.
p. cm. - (RepOl't of investigations; 9297)
Includes bibliogmphical l'efel'ences.
Sup!. of Docs. no.: I 28.23:9297.
1. Sulphul'. 2. Phosphogypsum. 3. Calcium sulphide-Metallll1'gy. I. Rice,
David A. (David Al'thur) II. Series: RepOl't of investigation (United States. BUl'eau
of Mines); 9297.




Abstract. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
Initial considerations 2
Overall potential process 2
Acknowledgments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Materials used 3
Analytical methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
Experimental methods 4
Conversion of calcium sulfide to ammonium bisulfide 4
Conversion of ammonium bisulfide to sulfur ........................................•..... 5
Tests using laboratory-grade carbon 5
Tests on commercial-grade activated carbons 5
Removal of sulfur from carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . 6
Thermal methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . 6
Sulfur extraction with liquid anhydrous ammonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
Carbon recyclability 6
Results and discussion 7
Preparation of ammonium bisulfide from calcium sulfide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
Preparation of ammonium bisulfide from calcium sulfide made from phosphogypsum . . . . . . . . . . . . . 8
Conversion of ammonium bisulfide to sulfur 8
Tests using laboratory-grade carbon 8
Tests on commercial-grade activated carbons 10
Removal of sulfur from carbon . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Thermal nlethods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
Sulfur extraction with liquid anhydrous ammonia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
Carbon recyclability .•............................................................ 14
Conclusions 15
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . 15
ILLUSTRATIONS
1. Laboratory test apparatus for converting ammonium bisulfide to sulfur 5
2. Continuous flowthrough system for ammonia leaching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
3. Recovery of sulfur from SLC-l as function of temperature using vacuum distillation. . . . . . . . . . . . . . . . 12
4. Recovery of sulfur from SLC-l as function of temperature 12
5. Recovery of sulfur from SLC-2 as function of heating time 12
6. Recovery of sulfur from SLC-2 as function of total nitrogen volume at constant temperature ...•..... 13
7. Cumulative recovery of sulfur from SLC-2 as function of total leaching time using liquid anhydrous
ammonia. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
8. Flowsheet for recovery of sulfur from phosphogypsum, incorporating ammonia leaching. . . . . . . . . . . . . 14
9. Carbon recycle testing: material weight as function of test cycle number. . . . . . . . . . . . . . . . . . . . . . . . 14
TABLES
1. Typical properties of commercial-grade activated carbons 3
2. Chemical analysis of reaction solutions prepared from commercial-grade chemicals 7
3. Sulfur species in ammonium bisulfide solution 7
4. Quantitative analysis of calcium sulfide prepared from phosphogypsum 8
5. Analyses of ammonium bisulfide solutions 9
6. Sulfur and ammonia distribution in products . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
7. Sulfur loading on carbon-coated mullite beads 10
8. Results of loading tests on commercial-grade activated carbons . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
UNIT OF MEASURE ABBREVIATIONS USED IN THIS REPORT
°C degree Celsius mL milliliter
g gram mL/min milliliter per minute
g/mL gram per milliliter mm millimeter
h hour jJ-mHg micrometer of mercury
in inch mmHg millimeter of mercury
L liter pct percent
m2 square meter ppm part per million
m2/g square meter per gram psi pound per square inch
meq millequivalent wt pct weight percent
mm minute
RECOVERY OF SULFUR FROM PHOSPHOGYPSUM:
CONVERSION OF CALCIUM SULFIDE TO SULFUR
By David A. Rice,1 Olice C. Carter, Jr}
Alexander May,3 Margaret M. Ragin,4 and Robert G. Swanton5
ABSTRACT
As part of a cooperative effort between the Bureau of Mines and the Florida Institute of Phosphate
Research (FIPR), with input from the phosphate industry, the conversion of phosphogypsum to sulfur
is being investigated. The proposed process incorporates the thermal reduction of phosphogypsum to
calcium sulfide (CaS) and a hydrometallurgical treatment to convert calcium sulfide to sulfur (SO). The
research described herein is focused on the latter half of the process. It was demonstrated that calcium
sulfide could be converted to ammonium bisulfide (NH4SH), and that ammonium bisulfide could be
oxidized by air in the presence of a catalyst, to elemental sulfur, which was adsorbed on the catalyst.
Two methods for recovering sulfur from the catalyst were developed: (1) thermal treatment to volatilize
sulfur, and (2) leaching the sulfur from the catalyst with liquid anhydrous ammonia. Over 90 pct of the
sulfur adsorbed on activated carbon (the catalyst) was recovered by both methods. Based upon the
encouraging laboratory investigations, a hydrometallurgical scheme was proposed for the overall
conversion of calcium sulfide to elemental sulfur.
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INTRODUCTION
As part of its mission to ensure that the Nation has an
adequate supply of minerals at acceptable economic, en-
vironmental, and social costs, the Bureau of Mines is de-
veloping a process to convert phosphogypsum to elemental
sulfur. This investigation was cofunded by the Bureau and
FIPR, Bartow, FL.
The voluntary cooperation of the following Florida
phosphate companies in offering valuable advice and sug-
gestions on the research efforts is gratefully acknowledged:
Gardinier, Inc.; Agrico Chemcial Co.; Farmland Industries
Inc.; Royster Co.; W. R. Grace & Co.; Occidental Chem-
ical Corp.; Conserve; International Minerals & Chemical
Corp.; USS Agri-Chemicals Inc.; and C. F. Industries Inc.
Forecasts of sulfur supply between 1990 and 2000 pre-
dict a depletion in primary sulfur reserves and an increase
in sulfur demands and prices on a worldwide scale (1).6
The fertilizer industry in the United States annually con-
sumes about 65 pet of the Nation's sulfur (2). This sulfur
is used to make sulfuric acid, which is mixed with phos-
phate rock to make phosphoric acid, the major ingredient
used to make phosphate fertilizers. A byproduct of phos-
phoric acid production is the calcium sulfate dihydrate,
phosphogypsum. The sulfur, although consumed, is not
lost, but is converted to phosphogypsum, from which it is
potentially available. By the year 2000, the estimated
quantity of stockpiled phosphogypsum in Florida will be
about 1 billion tons (3). The available sulfur from this
stockpile would help meet the increased demand for sulfur
in the United States.
The Bureau conducted the phosphogypsum research in
two phases: (1) thermal catalytic reduction of phospho-
gypsum to calcium sulfide, which will be published later by
the Bureau, and (2) development of a method to convert
calcium sulfide to sulfur. The research described herein is
focused on the latter phase.
INITIAL CONSIDERATIONS
Theoretically, the direct oxidation of dry calcium sulfide
to elemental sulfur by air is not possible. Thermodynamic
evaluation of literature data on the dry calcium-oxygen-
sulfur system showed that, at equilibrium, calcium sulfate
(CaS04) is formed at all reasonable conditions at which
elemental sulfur is stable, and that at high temperatures,
calcium oxide (CaO) and sulfur dioxide (S02) are the
stable products (4). However, laboratory experience and
literature references (5-6) indicate that sulfide can be
oxidized to elemental sulfur in aqueous systems. There-
fore, a hydrometallurgical process was indicated. The
Elcor process (7) involved treating calcium sulfide with
water (H20) and carbon dioxide (C02), resulting in hy-
drogen sulfide (H2S) and calcium carbonate (CaC03), as
shown in reaction A. The Bureau investigated (8) a
~talic numbers in parentheses refer to items in the list of references
at the end of this report.
method for converting calcium sulfide to sulfur, which
involved converting calcium sulfide, which is only slightly
water soluble, to the very soluble sodium bisulfide (NaSH),
by ion exchange, and then releasing hydrogen sulfide by
treating the sodium bisulfide with water and carbon diox-
ide in a reaction analogous to reaction A. The hydrogen
sulfide was then converted to sulfur by the Claus process
(9-10).
However, applying the Claus process to the larger ton-
nages of stockpiled phosphogypsum would create many
additional problems, and experts in the phosphate industry
advised against this approach. Therefore, direct oxidation
of aqueous sulfide by air was considered. Tests were
performed on direct oxidation of aqueous slurries of pure
calcium sulfide by air and/or oxygen with and without
catalysts. The sulfur recoveries were low when the direct
oxidation techniques were used. Rosenwald, Hamblin,
Urban, and Zimmerman (11) claimed that ammonium
bisulfide (NH4SHf could be oxidized to sulfur with high
yields.
A hydrometallurgical scheme was then developed to
convert calcium sulfide to ammonium bisulfide and
then the method of Rosenwald, Hamblin, Urban, and
Zimmerman was applied to oxidize the ammonium bi-
s1.llfidelbS1.llf1.lr..
OVERALL POTENTIAL PROCESS
The hydrometallurgical scheme, combined with the
catalytic thermal reduction of phosphogypsum, results in
an overall potential process for converting phosphogypsum
to sulfur. The reactions involved are shown by reaction B,
the thermal reduction of phosphogypsum, and by reactions
C and D, the hydrometallurgical process. Carbon dioxide, .
from reaction B, is used in the formation of calcium sul-
fide (reaction C), and the ammonium hydroxide (NH40H)
(reaction D), is recycled to reaction C.
CaS04 + 2C -+ CaS + 2C02. (B)
CaS + NH40H + CO2 -+ NH4SH + CaC03• (C)
NH4SH + 1/202 (air) -+ NH40H + So. (D)
(carbon)
There are four major steps in the scheme: (1) con-
version of calcium sulfide to ammonium bisulfide, (2)
oxidation of ammonium bisulfide to sulfur, (3) absorption
of sulfur on carbon, and (4) removal of sulfur from carbon.
7NH4SH is named ammonium bisulfide or ammonium hydrosulfide.
In this report, reference to sulfide, or ammonium sulfide in solution
refers to NH4SH (unless specifically stated otherwise) since this is the
predominate species of sulfide present at pH values less than 13.
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MATERIALS USED
The following materials were used in experiments per-
formed that produced data for this report:
Calcium Sulfide .-Two types were used. The fIrst type
was calcium sulfIde made by thermal reduction of phos-
phogypsum using magnetite as a catalyst. This material
was used as is, without purifIcation. The second type was
a Fisher8 commercial-grade "purifIed" powder analyzed as
90.22 pct CaS.
Mullite Beads.-Each bead was approximately 2 mm in
diameter. The beads were used to promote the flow of
ammonium bisulfide solutions and air through packed
columns and served as a surface to support the activated
carbon.
Activated Carbons.-Several types were used: (1) Baker
acid-washed carbon, laboratory grade, and (2) Calgon
Corp. commercial-grade activated carbons: Filtrasorb 400
(F-4OO); Filtrasorb 300 (F-300);a very high purity, high-
surface area carbon (APA); and a chemically pure grade
carbon (CPG). F-4OO and F-300 were manufactured to
remove organic pollutants from water. CPG was produced
by high-temperature steam activation and an acid wash.
The properties of these carbons are given in table 1.
Sulfur-Loaded Carbon (SLC).-SLC was prepared using
F-4OO activated carbon and ammonium bisulfide by
8Reference to specific products does not imply endorsement by the
Bureau of Mines.
techniques similar to those previously described by May
and Sweeney (12). In brief, the carbon was placed in
laboratory columns and loaded with sulfur by concurrently
flowing ammonium bisulfIde solution and air downward
through the carbon granules. The ammonium bisulfIde
solution was recycled through the column until the carbon
was loaded with sulfur. The SLC samples were dried at
105° C and stored in sealed plastic bottles prior to use.
Samples, designated SLC-1 and SLC-2, were prepared
using the above procedure and used in some of the ex-
periments in this report. When analyzed, they were ap-
proximately 30 and 40 pct S, respectively.
Ammonium Bisulfide.-Solutions ofammonium bisulfIde
were prepared from calcium sulfIde. Fisher ammonium
sulfIde solution, assays as (NH4)2S, was 22 pct. Concen-
trated solutions of ammonium bisulfIde were made by
reacting ammonium hydroxide with hydrogen sulfide.
Anhydrous Ammonia (NH3).-Liquid anhydrous ammo-
nia was prepared by condensing Linde commercial-grade
ammonia using a stainless steel condensing coil, which was
immersed in a dry ice-acetone bath. The liquefied ammo-
nia was prepared immediately before use and kept in a
covered beaker.
Hydrogen Sulfide Gas.-Commercial-grade hydrogen
sulfide gas was used for preparation of ammonium
bisulfIde.
Other Reagents.-Chemically pure reagent-grade chem-
icals and de-ionized water were used.
Table 1.-Typical properties of commercial-grade activated carbons
Surface areal m2/9 ..
Minimum iodine number .
Mesh size .
Ash, water soluble pct ..
Density, packed, dry 9/mL ..
Maximum total S .. pct ,.
Acid washed .
NO Not determined.
IN2 BET adsorption equation method,



































Analysis of calcium sulfide for total sulfur was per-
formed using the Association of Official Analytical Chem-
ists (AOAC) method 3.108 (13). In this method, all sulfur
species are oxidized to sulfate by fusion of the sample with
sodium peroxide (Na20 2) and sodium carbonate (Na2C03),
and the resulting sulfate was determined by adding barium
chloride (BaCI2 • 2H20) and weighing the precipitated
barium sulfate (BaS04). Total sulfur on carbon catalysts
was determined using a LECO sulfur determinator (14).
Analyses of SLC's for elemental sulfur were performed
by extracting the sulfur with carbon disulfide (CS2).
Analyses of ammonium bisulfide solutions were as
follows: Total sulfur was determined by oxidation of sul-
fide and other sulfur species by sodium peroxide to sulfate,
and determination of sulfate was by precipitation with
barium chloride and weighing the precipitated barium
sulfate. However, since strong sulfide solutions react
explosively with sodium peroxide, these solutions were first
added to zinc chloride (ZnCI2) solution (AOAC reagent
6.123) (13) to precipitate zinc sulfide (ZnS), which then
could be oxidized smoothly. Sulfur species in solution
were determined by iodometric methods (15). Sulfate was
determined by precipitation with barium chloride and
weighing the precipitated barium sulfate. Hydrogen sulfide
was determined by absorption in zinc chloride followed by
iodometric methods. Polysulfides were detected qualita-
tively by their color. Ammonia in water was determined
by acid titration. Analyses for trace elements were per-
formed by inductively coupled plasma spectrographic
analysis (16).
EXPERIMENTAL METHODS
CONVERSION OF CALCIUM SULFIDE
TO AMMONIUM BISULFIDE
A new approach for conversion of calcium sulfide to
ammonium bisulfide was investigated. Conversion of
calcium sulfide to ammonium bisulfide was accomplished
by treating calcium sulfide with solutions of ammonium
carbonate, or ammonium bicarbonate (NH4HC03), or
ammonium hydroxide and carbon dioxide; the latter shown
in reaction C. The reaction of carbonate, bicarbonate, and
carbon dioxide plus ammonium hydroxide with calcium
sulfide all produced ammonium bisulfide. The carbonate
contains an excess amount of ammonium ion over that
needed by ammonium bisulfide and would not be suitable
for use in the process scheme. Ammonium hydroxide
and carbon dioxide, in stoichiometric quantities, are the
reagents that would be used in the process scheme as
indicated by reactions B, C, and D. Since ammonium
hydroxide and carbon dioxide are equivalent to ammonium
bicarbonate, the latter was used for routine laboratory
preparation of ammonium bisulfide (reaction E).
Ammonium bisulfide is an unstable compound and
exists only in aqueous solutions (10), and even in solution,
it has a great tendency to evolve hydrogen sulfide (reaction
F). Closed reaction vessels are needed to prevent loss of
hydrogen sulfide.
Loss of hydrogen sulfide may also occur through the
reaction of calcium sulfide with water (reaction G) and
may occur simultaneously with the reactions in reaction C
or reaction E.
CaS + H 20 -+ CaO + H2S. (G)
Reactions C and D indicate that a vacuum should be
produced as gaseous carbon dioxide is converted to solid
calcium carbonate and oxygen is consumed to oxidize
sulfide to sulfur, while reaction G indicates that pressure
should be produced as gaseous hydrogen sulfide is evolved.
The reaction between calcium sulfide and ammonium
bicarbonate (reaction E) should not produce a pressure or
a vacuum since no gaseous reactant or product is present.
Operations, both in the laboratory and in any potential
process, must safely contain any pressures or vacuums
produced, so this aspect of the production of ammonium
bisulfide was investigated.
Stoichiometric quantities of calcium sulfide and ammo-
nium bicarbonate were placed in a heat-resistant glass
bottle, water was added to completely fill the bottle and to
exclude air, the bottle was tightly sealed, and the contents
were stirred by a magnetic stirrer for 1 h. The calcium
carbonate was filtered off, and the solutions were stored in
plastic bottles or used immediately to oxidize the ammo-
nium bisulfide to sulfur. Commercial-grade calcium sul-
fide was used in the initial preparations of ammonium
bisulfide to prove the method (reactions C and E), while
calcium sulfide, which had been made from phosphogyp-
sum by the thermal process, was used to confirm the
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Tests on Commercial-Grade Activated Carbons
using a carbon catalyst in a packed bed. The distillation
step was eliminated and elemental sulfur was formed
directly on the carbon catalyst. The ammonium bisulfide
solutions were recycled through the carbon bed, while air
was drawn in the same direction through the carbon.
Oxygen-to-sulfur ratios were adjusted by the concen-
trations of the ammonium bisulfide solutions and the
pumping rates of the solutions and the air. The solutions
turned from a pale yellow to a dark red color, then be-
came transparently clear. Pumping was continued until
the solutions were transparent and sulfur was formed in
situ on the carbon.
Laboratory column testing was carried out to evaluate
four grades of commercial-grade coal-derived granular
activated carbons for use in oxidizing ammonium bisulfide
to sulfur. These carbons were F-400, F-300, APA, and
CPG. Four identical test units were set up for comparing
the carbons on a side-by-side basis. Each unit, illustrated
in figure 1, consisted of a 7/8-in-diam glass column con-
taining 50 mL of granular activated carbon. Predeter-
mined concentrations of ammonium bisulfide solutions
were recycled through each column using four peristaltic
pump heads operating on one drive. Air was passed con-
currently with the ammonium bisulfide through the column











Tests Using Laboratory-Grade Carbon




NH4(S4)SH -+ NH3 + H2S + 4S. (I)
(distill)
Early tests on the conversion of ammonium bisulfide to
sulfur used fIXed-volume reactors consisting of 1-, 2-, and
3-L heat-resistant glass, round-bottom flasks and ordinary
laboratory glass distillation apparatus. About 0.3 g of
carbon catalyst and the ammonium bisulfide solutions to
be oxidized to sulfur were added to the fIXed-volume re-
actors. Later tests used glass columns, 718 in ID by 12 in
length, containing a packed bed of 100 g of mullite beads
with 1.0 g of carbon on their surface. Filter flasks, bub-
blers, and variable-speed peristaltic pumps were used.
Early tests on oxidizing ammonium bisulfide were done
in fIXed-volume reactor's, to control the oxygen-to-sulfur
ratios, which were maintained near 1.0, and to prevent the
loss of hydrogen sulfide. A known volume of ammonium
bisulfide solution was transferred to the 1-,2-, or 3-L heat-
resistant glass round-bottom flasks, carbon catalyst was
added, the reactor was sealed, and the contents were
stirred several hours. The carbon was removed by filtering
and the ammonium polysulfide [(NHiS4)SH)] solution was
decomposed into sulfur by distilling about 20 pct of the
volume of the solutions. These tests showed that the
ammonium bisulfide could be oxidized to ammonium
hydroxide and ammonium polysulfide (reaction H) and
that the resulting polysulfide solutions could then be dis-
tilled to form sulfur (reaction I).
application of the method. .Difficulties were encountered
in making concentrated solutions of ammonium bisulfide
from calcium sulfide in the laboratory because of the
large quantities of calcium carbonate forming and the
necessity of countercurrent washing of the filtered cal-
cium carbonate.
The ammonia, water, and hydrogen sulfide would re-
combine in the distillate to form ammonium bisulfide
(reaction J), which could be recycled into the process.
NH3 + H2S -+ NH4SH.
(HP)
(J)
Figure 1.-Laboratory test apparatus for converting ammonium
bisulfide to sulfur.
Ammonium polysulfide is the predominate polysulfide
formed (5, 11) on oxidation of aqueous sulfides.
By having a fIXed volume of air and oxygen-to-sulfur
ratios near 1.0, the ammonium bisulfide solutions were
restricted to small volumes and low concentrations. A
technique was later developed whereby the conversion of











The duration of each test was 6 h. Five four-carbon
test series were completed. At the completion of each
test, the spent bisulfide solution was analyzed for total
sulfur. The SLC was rinsed with distilled water, dried, and
analyzed for total sulfur. The distribution of the initially
available sulfur in the ammonium bisulfide solution to the
loaded carbon and to the spent ammonium bisulfide liquor
products was calculated. Total sulfur on the loaded carbon
was determined by the LECO sulfur determinator method.
Elemental sulfur was determined by extracting the sulfur
with carbon' disulfide. The amount of sulfur reporting as
the offgas was calculated by difference.
REMOVAL OF SULFUR FROM CARBON
Laboratory studies were carried out using the proce-
dures described in this section to evaluate the potential of
(1) thermal treatment to sublime or distill sulfur from the
carbon and (2) chemical leaching using liquid anhydrous
ammonia to solubilize the sulfur.
Thermal Methods
The thermal removal of sulfur from SLC was investi-
gated using both vacuum distillation and a nitrogen (N2)
carrier gas to assist sulfur vapor transport.
Vacuum distillation tests were conducted using a labo-
ratory oven-vacuum distillation apparatus. Two to three
grams of SLC-1 was heated to predetermined tempera-
tures (2000 to 4500 C) under 72- to 125-pm Hg vacuum in'
a quartz reaction chamber connected to a condensing tube,
cold trap, and a two-stage laboratory vacuum pump. At
the conclusion of each test, the carbon and sulfur con-
densate were removed and weighed.
Nitrogen carrier gas tests were carried out in a stain-
less steel pipe reactor of 59.8-mL capacity, using 22.5 g
(30 mL) of SLC-1 for each test. Prior to heating, the
loaded reactor was purged with 10 equivalent volumes of
nitrogen. The reactor was then brought to temperature,
and preheated nitrogen gas was passed through the reactor
at predetermined flow rates. The volatilized sulfur was
collected in a straight-pipe condenser. At the end of the
test, the condensed sulfur product was weighed and the
sulfur yield was calculated.
Sulfur Extraction With Liquid
Anhydrous Ammonia
A novel method for extraction of sulfur from SLC by
leaching with liquid anhydrous ammonia was investigated.
The suitability of the leached carbon for recycling to the
loading step after sulfur extraction was also examined.
The extraction of sulfur from carbon using liquid an-
hydrous ammonia was investigated using the stainless steel
continuous flowthrough system shown in figure 2. The
design of this apparatus provides for the use of an inert
atmosphere. Each leaching test used 105 g of dry SLC,
analyzing 41 pct S. All components of the system were
purged with helium prior to introduction of liquid
anhydrous ammonia. The leaching test was initiated by
metering the liquid anhydrous ammonia into the bottom of
the temperature-controlled reactor. The liquid anhydrous
ammonia solution containing the dissolved sulfur exited the
top of the reactor and passed through a chilling coil.
Timed aliquots (300 to 500 mL) of the sulfur-ammonia
solution were collected in tared beakers. The initial ali-
quots of effluent from the reactor were dark purple, which
is indicative of dissolved sulfur in ammonia. The flow of
ammonia was continued until the sulfur-ammonia solu-
tion became nearly clear. The beakers were immediately
weighed after filling and then allowed to evaporate, leaving
a sulfur product. Cumulative sulfur recoveries were calcu-
lated based upon the amount of extracted sulfur present in
each of the timed aliquots and on the original amount of
sulfur in the SLC sample.
Carbon Recyclability
Locked-cycle testing to investigate the feasibility of
reloading an activated carbon after removal of its sulfur
load by ammonia leaching consisted of two parts: (1)
loading of sulfur onto the activated carbon by oxidation of
ammonium bisulfide ami (2) leaching of sulfur using liquid
anhydrous ammonia in the continuous flowthrough system.
Loading of the carbon was carried out in a glass col-
umn. For the first cycle, a 100-g charge of F-400 carbon
was loaded with sulfur. Air required for oxidation was
passed downward through the carbon bed at a rate of
1,460 mL/min. Ammonium bisulfide solution, having an
initial concentration of 19 pct S, was recirculated with
downward flow, at a rate of 4.0 mL/min. The time for
each loading step was 4.0 h. After loading, the carbon was .
rinsed with distilled water, removed from the column,
dried at 1050 C, and weighed. This carbon was the feed to
the ammonia-leaching step.
Leaching of the SLC was carried out using the
continuous-flow leaching apparatus and the technique
described above. The temperature was held constant at
150 C for all tests. After each leaching test, the sulfur-
laden ammonia (2.0 L) was allowed to evaporate under
ambient conditions. The sulfur residue remaining in each
beaker was weighed and was reported as the sulfur prod-
uct. The leached carbon was removed from the reactor,
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Figure 2.-Contlnuous flowthrough system for ammonia leaching.
RESULTS AND DISCUSSION
S, pet
Table 3.-Sulfur species in ammonium
bisulfide solution
Table 2.-Chemical analysis of reaction solutions
prepared from commercial-grade chemicals
S~ . . . . . . . . . . . . . . . 95,7
8Z03~ .,.......... 3.9
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Total 8 in NH48H , .
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Balance , , . , .
Total ",
filtered, and the filtrate was oxidized to sulfur by the fixed-
volume reactor-distillation method. The sulfur recovery
was 44 pct of that in the original calcium sulfide.
Verification of the reaction shown by reaction E was
confirmed numerous times by routinely making ammonium
bisulfide solutions from calcium sulfide plus ammonium
bicarbonate. Sulfur recoveries were near 90 pct in the
solutions plus about 9 pct HzS, based on the amount of
sulfur initially in the calcium sulfide. Yields of ammonium
bisulfide solutions, based on the amount of calcium car-
bonate formed compared with the amount potentially
available from calcium sulfide, were 98 to 100 pct. This
indicated that the reaction shown by reaction E was essen-
tially quantitative.
PREPARATION OF AMMONIUM BISULFIDE
FROM CALCIUM SULFIDE
Preliminary laboratory testing was carried out to veri-
fy that ammonium bisulfide could be prepared from
commercial-grade chemicals. For this work, 27.7114 g of
90.22 pct CaS plus 27.40 pct NH4HC03 and 150 mL of
water were placed in a reaction vessel, which was then
sealed and stirred overnight. The mole ratio of ammo-
nium bicarbonate to calcium sulfide was 1.002. The cal-
cium carbonate formed in the reaction was filtered off and
washed with deionized water, and the filtrate and wash
water were combined and diluted to 500 mL. The nominal
concentration of the resultant ammonium bisulfide solu-
tion was 2.213 pct or 2.222 g S per liter, with a density of
1.0042 g/mL. Hydrogen sulfide, which was evolved during
the first 10 min of the experiment, was absorbed in zinc
chloride solution, and both solutions were subsequently
analyzed. The ammonium bisulfide and zinc chloride
solutions contained 1.925 g total sulfur and 0.194 g of
sulfur, respectively. Additional data are shown in table 2.
Ammonium bisulfide solutions prepared in the manner
described in the previous paragraph were found to contain
S ~ as the predominant species, with minimal amounts of
oxidized sulfur species being formed, as indicated by the
chemical analysis shown in table 3.
Verification of the reaction shown by reactions C and
D was confirmed by adding carbon dioxide to a slurry of
5.00 g CaS in an aqueous solution of 0.931 normal ammo-
nium hydroxide. An initial carbon dioxide pressure of
2 psi soon dropped to a vacuum of 3 psi. On continuing
the addition of carbon dioxide, the pH of the solution
dropped from about 11 to 7.5. The calcium carbonate was
8
Tests Using Laboratory-Grade Carbon

























Fe30 4 ••••••••••••••• , •
CaS04 ••••• , , •••••••••
Si02 ••••••••••••••••• •
NOTE.-X-ray diffraction analysis:
Fe30 4, and CaS04•
An aliquot of 50 mL of the ammonium bisulfide solu-
tion, made from commercial-grade calcium sulfide, was
placed in the apparatus shown in figure 1 and cycled over
the carbon-coated mullite beads for 6 h. The solution
flow rate was 1.77 mL/min and the air flow rate was
64 mL/min, giving an initial oxygen-to-sulfur ratio of 1.04.
The carbon-coated beads were washed with water and
dried, and their sulfur content was determined by ex-
tracting with carbon disulfide. The washings were com-
bined with the remaining solution and analyzed for sulfur
species. The exhaust air was passed through hydrochloric
acid (HCI) to absorb ammonia and through a zinc chloride
solution to absorb hydrogen sulfide. Analyses of these
various components are given in table 6 as a percentage of
total sulfur or total ammonia in the original solution.
from this reaction was 99 pct of the calcium carbonate
potentially available from the calcium sulfide, based on the
weight of the precipitate, less the silicon dioxide, carbon,
and iron in the form of iron oxides. The sulfur recovery
as ammonium bisulfide was 70 pct of the amount poten-
tially available from the calcium sulfide. Table 4 shows the
quantitative analysis of calcium sulfide prepared from
phosphogypsum.
Results of the inductively coupled plasma spectrograph-
ic analyses of ammonium bisulfide solutions made from
(1) calcium sulfide prepared from phosphogypsum, (2)
commercial calcium sulfide, and (3) Fisher commercial-
grade ammonium bisulfide are given in table 5. The
ammonium bisulfide prepared from calcium sulfide from
phosphogypsum had 1.8 ppm C in solution compared with
214,000 ppm C available from the calcium sulfide, most of
which was removed by precipitation of calcium carbonate.
This table also shows that most metallic ions, such as
aluminum and iron, are removed in the preparation of the
ammonium bisulfide solutions.
CONVERSION OF AMMONIUM BISULFIDE
TO SULFUR
PREPARATION OF AMMONIUM BISULFIDE
FROM CALCIUM SULFIDE MADE
FROM PHOSPHOGYPSUM
Calcium carbonate produced by reaction E was thor-
oughly washed with water. Two slurries of this calcium
carbonate were made; one of 20.4 wt pct CaC03 and the
other of 9.0 wt pct CaC03• After 3 h settling, no further
change was observed and the percentages of solids in the
settled material were 39.9 and 30.9 pct from the initial
20.4 and 9.0 pct slurries, respectively. Both slurries were
vacuum ftltered using a funnel. The calcium carbonate
ftlter cakes contained 50.7 and 52.6 pct H20, respectively.
These tests, plus attempts to make concentrated solutions
of ammonium bisulfide, indicated that single-batch prepa-
ration of ammonium bisulfide was limited to about 20 pct
CaC03 or about 10 pct NH4SH because of the quantity of
solids in the slurries. Higher concentrations of ammonium
bisulfide were made but not in single-batch operations.
Reactions C, E, F, and G were investigated by the fol-
lowing experiment. Equimolar amounts of dry calcium
sulfide and dry ammonium bicarbonate were added to a
dry ftlter flask equipped with a manifold to direct any
gas to a zinc chloride solution or to water in two separate
250-mL cylinders. Water was added to the flask containing
the calcium sulfide and ammonium bicarbonate through a
water seal to prevent any loss of gas on adding the water,
and the contents were stirred with a magnetic stirrer.
During the first few minutes, hydrogen sulfide was evolved
and trapped by the zinc chloride solution. After 10 min,
the pressure equilibrated, as shown by the solution levels
in manifold tubes in zinc chloride solution and in the
water. All openings to the zinc chloride, water, and re-
agent flask were closed, and the solution was stirred over-
night. On opening the tube to the cylinder of water the
next morning, all the water was sucked out of the cylinder
into the reaction flask, indicating a vacuum had been pro-
duced. The evolution of hydrogen sulfide may have been
due to reaction F, or due to reaction G, which could have
occurred before the solid ammonium bicarbonate dissolved
in the water. The existence of the vacuum probably oc-
curred because the oxygen in the air in the sealed flask
was consumed as shown by reaction C.
The exact polysulfide form, as shown in reactions Hand
I, was not characterized. However, polysulfides were easily
detected by their bright yellow color. On distillation, the
solutions became clear, the pH dropped from 9.2 to 6.9,
20 pct of the sulfur in the solutions was recovered as hy-
drogen sulfide, and equimolar quantities of ammonia and
hydrogen sulfide were formed. Reproducibility of the
experimental data was poor but was consistent enough to
confirm the reactions indicated by reactions H and I.
A sample of calcium sulfide, prepared by thermal re-
duction of phosphogypsum, was placed in a sealed glass
bottle and stirred for 2 h with a 17 pct excess of ammo-
nium bicarbonate solution. The resultant solution was
filtered from the precipitates of calcium carbonate, silicon




Table 5.-Analyses of ammonium bisulfide solutions, parts per million
(All samples were NH4SH diluted to 17.1 pct S)
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S04 ~ , .
S03 , "
H2S .. , , .
S on carbon , ..
Total S .
Balance , , ..
NH3:
Evolved in air .
In solution , ,
Total NH3 •• , •••• , I ••
13.87 meq,
23.91 meq.
Comparing these results with the original solution anal-
ysis shows that the sulfide has been reduced from 95.7 to
0.70 pet, while the thiosulfate increased from 3.9 to
31.30 pct. The unaccounted difference of 14.99 pct of the
sulfur may be tetrathionate, which is colorless, and would
not have been detected in the sulfur species analyses em-
ployed. The low sulfur recovery of 45.97 pct indicated that
improvements were needed, which is addressed below.
Some of the results using the packed column with mull-
ite beads are given in table 7. The percentages of each
sulfur species are the amounts of sulfur in each species
after oxidation of ammonium bisulfide, compared with the
total amount of sulfur in the original ammonium bisulfide
solutions. Tests 1 through 12 were designed to detect the
effects of ammonium bisulfide concentration and oxygen-
to-sulfur ratios on the yield of sulfur. Three concentra-
tions were used, and at least three oxygen-to-sulfur ratios
were used for each concentration: one ratio near the
optimum of 0.8 to 1.0, and the other two ratios below and
above the optimum. One gram of carbon catalyst was
used in each test, and 0.42 to 2.33 g of elemental sulfur
was recovered from the carbon. These results show that,
in general, the higher ammonium bisulfide solution con-
centrations produce higher sulfur yields and lower amounts
of thiosulfate and sulfate. The quantities of hydrogen
sulfide were not greatly different for the different concen-
trations. The effects of the oxygen-to-sulfur ratios were
somewhat erratic. At ammonium bisulfide concentrations
of 6.3 and 20.6 pct, the best sulfur yields occurred when
the oxygen-to-sulfur ratio was 1.0, but this was not the
ease when the ammonium bisulfide was 8.6 pet.
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Table 7.-Sulfur loading on carbon-coated mullite beads
Initial Test
NH4SH dura- O-S Final sol conc, pct
Sa Total S
Test sol tion, ratio S- S203 S04 H2S loading, species,
conc, h pct pct
pct
1 ..... 6.3 4.0 0.5 1.0 29.2 0.9 3.9 42.8 78.4
2 .", , 6.3 4.0 1.0 .7 24.2 1.1 4.5 63.5 94.0
3 ..... 6.3 4.0 2.0 0 21.3 1.0 9.8 60.5 92.6
Av ... 6.3 4.0 1.2 .6 24.9 1.0 6.0 55.6 88.3
4 8.6 2.3 .4 .2 24.8 1.9 2.7 62.8 92.3
5 ..... 8.6 4.0 .8 .3 26.9 1.0 8.7 48.8 85.6
6 "" , 8.6 1.0 1.0 0 23.1 1.2 1.0 57.0 82.3
7 • I'" 8.6 1.5 1.4 .4 24.4 .9 5.5 60.1 91.4
Av ... 8.6 2.2 .9 .2 24.8 1.3 4.5 57.2 87.9
8 . I'" 20.6 2.5 .2 .1 14.1 .6 6.4 60.2 81.4
9 .,., , 20.6 4.0 1.6 .1 14.3 .4 7.6 70.8 93.1
10 • I.•.• 20.6 1.3 1.0 .1 16.9 .9 6.7 73.8 98.4
11 ", . 20.6 1.4 1.0 .1 12.9 .8 6.3 74.1 94.1
12 .... 20.6 1.8 1.0 0 8.3 .3 5.7 69.2 83.5
Av ... 20.6 2.0 1.0 .1 13.3 .6 6.5 69.6 90.1
131 .... 2.8 .7 1.5 0 16.9 .9 6.0 65.1 93.6
141 •••• 6.0 1.0 1.0 0 11.1 6.6 14.1 56.1 97.9
Av ... 4.0 1.3 1.3 0 14.0 11.2 10.0 60.6 95.7
152 .... 20.6 6.0 1.6 .1 16.8 .4 NO 15.0 NO
NO Not determined.
1NH4SH made from CaS from phosphogypsum.
2No carbon catalyst.
Tests 13 and 14 were run using ammonium bisulfide
made from phosphogypsum, while the other tests used
ammonium bisulfide solutions made from commercial-
grade calcium sulfide. The high-sulfate concentrations in
these tests were traced to high sulfate in the original cal-
cium sulfide made from the phosphogypsum and were not
due to oxidation of ammonium bisulfide. Sulfate does not
enter into the oxidation reaction of ammonium bisulfide,
and hydrogen sulfide is potentially recoverable in the proc-
ess. The yields of sulfur from the calcium sulfide made
from phosphogypsum, corrected for sulfate and hydrogen
sulfide, are equivalent to the best yields of sulfur made
from commercial-grade calcium sulfide, As shown in
table 5, little or no contamination of ammonium bisulfide
occurs in the process of its preparation, and the present
results indicate that impurities in phosphogypsum would
have no detrimental effect on the sulfur process.
Test 15 was run without a carbon catalyst. The low
sulfur yield of 15 pet demonstrates the necessity of the
catalyst.
Tests on Commercial-Grade Activated Carbons
Laboratory studies were carried out under a variety of
operating conditions using four commercial-grade bitumi-
nous coal-derived activated carbons. The properties of
these carbons are given in table 1. The results of the
loading tests are given in table 8. In all tests, the total
amount of sulfur available from the ammonium bisulfide
solution was held constant at 21 g, and the carbon volume
was held constant at 50 mL.
In terms of grams of So per 100 g of carbon, APA car-
bon consistently exhibited the highest sulfur loading in
each ofthefive testseries, with the highest loading being
81 g of So per 100 g of carbon in series 2. This very high
purity acid-washed carbon had the lowest density and the
highest reported surface area, 1,525 m2/g. However, in
terms of grams of So loaded per square meter of available
surface area, F-400 carbon consistently loaded more sulfur.
Thus, for example, in series 2, about 0.65 g of sulfur was
loaded per 1,000 m2 ofF-400 carbon, compared with 0.53 g
of sulfur per 1,000 m2 of APA carbon. The other test
series give similar comparisons. Based on these results, it
appears that acid washing does not, by itself, improve the'
adsorption density of sulfur, other factors being equal.
Comparing F-3oo carbon with F-400 carbon, which has
the same surface area of 950 to 1,050 m2/g, F-400 carbon
exhibits higher loading, both in terms of grams of sulfur
adsorbed per 100 r of carbon and in terms of grams of
sulfur per 1,000 m of available surface area. The F-400
carbon has a mesh size of plus 12 minus 40 and is some-
what finer than the plus 8- minus 3D-mesh F-300 carbon,
consequently having more external surface area available
for absorption of sulfur. These results would also be
consistent with a loading mechanism controlled by diffu-
sion. In either case, the results strongly suggest that the
finest size carbon, consistent with materials handling and
transport, should be considered for use. While no evi-
dence of bed plugging has yet been observed, this is likely
to occur as higher sulfur loadings are achieved through
optimization of the system.
r 11
Table a.-Results of loading tests on commercial-grade activated carbons
Test series Sulfur loading on carbon, g sulfur Sulfur distribution, pct
and carbon carbon wt, per 100 per Sulfur on Spent Offgas
type wt, 9 9 9 carbon 1,000 m
2 carbon solution
1:
F-300 ..... 26.20 11.20 43 0.43 52 3 45
F-400 .. , .. 24.48 11.15 46 .46 52 2 46
APA ...... 20.00 12.05 60 .40 56 3 41
CPG ..... 26.15 11.85 45 .43 55 4 41
2:
F-300 ..... 25.88 14.29 55 .55 67 11 22
F-400 ..... 24.45 15.94 65 .65 75 8 17
APA ..... , 19.63 15.92 81 .53 75 8 17
CPG ..... 25.61 15.01 59 .56 70 9 21
3:
F-300 .. , .. 26.35 14.39 55 .55 69 8 23
F-400 ..... 24.82 15.19 61 .61 73 7 20
APA" .... 20.20 15.07 75 .49 72 7 21
CPG ..... 26.00 14.09 54 .52 73 8 19
4:
F-300 ..... 26.00 11.73 45 .45 55 37 8
F-400 ..... 24.80 12.62 51 .51 59 33 8
APA., .... 20.01 15.56 78 .51 73 21 6
CPG ..... 26.17 15,32 59 .56 66 26 8
5:
F-300 ..... 26,20 9.78 38 .38 46 45 9
F-400 ..... 24.82 11.63 47 .47 54 38 8
APA." ... 20.06 13.21 66 .43 62 31 7
CPG , .... 26.08 11.33 43 .41 53 41 6
The ultimate selection of a carbon for a sulfur recovery
process will, of course, be economically dictated. It ap-
pears, however, that since a higher sulfur loading can be
achieved with a lower grade carbon, on an available sur-
face area basis, the use of a higher grade carbon with
incremental cost for the additional processing would
probably not be warranted.
Referring to the sulfur distributions (table 8), it can
be seen that the amount of sulfur available in the ammo-
nium bisulfide solution, which was recovered from the
carbon, ranged from 52 to 75 pct. All of these recoveries
would probably be unacceptably low for a commercial
process. However, no attempt was made to optimize re-
covery through control of the loading parameters, such as
solution concentration, solution flow rate, air flow rate,
and process design, e.g., countercurrent stage loading.
It is quite evident that there are sharp differences in the
amount of sulfur being lost to the offgas (test series 1
through 3) and the spent solution (test series 4 and 5).
Thus, in test series 1 through 3, 19 to 46 pct of the avail-
able sulfur is lost to the offgas as hydrogen sulfide, and in
series 4 and 5, about the same amounts are lost to the
spent solution. While the reasons for these differences
remain to be determined, in either case the sulfur may be
potentially recoverable through stage loading of the carbon
columns. In the latter case, overoxidation of the ammo-
nium bisulfide solution to thiosulfates or sulfates must be
minimized.
REMOVAL OF SULFUR FROM CARBON
Thermal Methods
Work by May, Rice, and Carter (17) at temperatures
and pressures ranging from 1200 to 1400 C and 10 to
30 ).Lm Hg, respectively, showed that while pure flowers of
sulfur could be easily sublimed in the absence of carbon,
it was extremely difficult to do so in the presence of car-
bon. It was concluded that the sulfur vapor had a high
affinity for the carbon surface functional groups and that
low-temperature vacuum distillation would probably not be
a potential candidate for sulfur recovery. Consequently,
tests were run at elevated temperatures under vacuum and
also with the use of an inert carrier gas.
The results of laboratory batch testing using vacuum
distillation to vaporize sulfur from SLC are shown in fig-
ure 3. Only 35 pct of the sulfur could be vaporized at
2500 C with a 2-h heating time. Above 2500 C, sulfur
vaporization increased sharply to a maximal recovery in
excess of 90 pct at 3500 C at the 2-h heating time. The
two tests run at the 4-h heating time showed that only
20 pct of the sulfur can be vaporized at 2000 C, whereas
97 pct of the sulfur is recoverable at 4500 C. The latter
data point also confirms that essentially all of the sulfur on
the carbon is in a form that is potentially recoverable by
thermal treatment. Additional experiments were run to
determine if N2 could be used as a carrier gas to assist in
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transporting the sulfur vapor from the heated zone of the
reactor. Tests were conducted to determine the effects of
heating time and temperature and nitrogen gas flow rate
on sulfur recovery. The optimal temperature for distilling
sulfur from SLC-1 at constant treatment time of 135 min
and a nitrogen flow rate of 450 mL/min was determined
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Figure 3.-Recovery of sulfur from SLC-1 as function of
temperature using vacuum distillation. Heating times of 2 and
4 h were used.
Figure 5 shows the effects of heating time on sulfur
recovery from SLC-2 (stored several months) for various
nitrogen flow rates, at 525° C. In all tests, with sufficient
time, maximal recovery was about 80 pct. Sulfur recovery
from carbon is also seen to increase markedly with in-
creasing nitrogen flow rate. For example, at the lowest
flow rate of 40 mL/min and a 50-min heating time, re-
covery is only 42 pct, whereas at the highest flow rate,
450 mL/min, 80 pet recovery is achieved at the same
heating time of 1 h.
Figure 6, developed from the data in figure 5, shows the
relationship of sulfur recovery to the total volume of ni-
trogen used in each test at 52Y C. From this plot it is
quite evident that a total volume of about 10 L of nitrogen
gas (25° C, 760 mm Hg) was required to achieve a maxi-
mal recovery of 80 pct under the rather wide range of
experimental conditions used. Since the 10-L minimum
nitrogen volume is far in excess of the volume of the pipe
reactor (59.8 mL), the mechanism of sulfur displacement
from the carbon is believed to be diffusion controlled.
The maximum sulfur recovery obtained with SLC-2 in
the nitrogen carrier gas test series (figs. 5-6) was 80 pct, as
compared with over 90 pct recovery obtained with SLC-1
in the vacuum distillation and carrier gas test series shown
in figures 3 and 4, respectively. It is not known if the
differences in ultimate recovery are due to the different
techniques employed, i.e., nitrogen carrier gas versus vac-
uum, or to differences in the preparation and storage time
of the specific samples used for each series. These aspects
will have to be addressed in future studies, since either
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Figure 4.-Recovery of sulfur from SLC·1 as function of
temperature.








Figure 7.-Cumulative recovery of sulfur from SLC-2 as
function of total leaching time using liquid anhydrous ammonia.
Figure .6.-Recovery of sulfur from SLC-2 as function of total





---¢- -28;8' ± 3.4' C
-{)o- 0.3' ± 2.7' C
'"0,,, 0.511 ± 4.1 11 c






1 10 100 1,000

















been made to optimize leaching efficiency with regard to
ammonia requirements, although it is visualized that any
















Sulfur Extraction With Liquid
Anhydrous Ammonia
Based upon practical and environmental considerations,
May, Rice, and Carter (17) selected liquid anhydrous
ammonia as a potential candidate for leaching sulfur from
carbon. The results of early batch tests showed that, in
fact, the sulfur could be dissolved from the carbon to
produce a sulfur-laden ammonia liquor, which upon evap-
oration of the ammonia yielded an elemental sulfur prod-
uct. About 70 to 75 pct of the sulfur was recovered from
a 1O.0-g SLC sample, analyzing 7.8 pct S, with a leaching
time of 20 min. A patent has been granted on this aspect
of the investigation (18).
The technical feasibility of improving sulfur recoveries
beyond 70 to 75 pct was investigated using a continuous
flowthrough system (fig. 2). This apparatus permitted the
use of an inert atmosphere, which was used since Ruff and
Hecht (19) indicated that atmospheric oxygen as well as
moisture may oxidize sulfur in sulfur-ammonia solutions.
Four continuous leaching tests were conducted in which
dry, freshly prepared SLC-2 was leached in the "inert"
helium atmosphere using liquid anhydrous ammonia at
predetermined temperatures. The results of the tests are
summarized in figure 7, which presents cumulative sulfur
recovery as a function of leaching time. From these data
it is quite evident that the extraction of sulfur increases
substantially with increasing temperature.
The leaching temperatures mentioned below have been
rounded for reporting purposes but are exact temperatures
on figure 7. At a temperature of +150 C,over 90 pct of
the sulfur was extracted in about 20 min of leaching. At
the lowest temperature, -290 C, less than 10 pct of the
sulfur was extracted for the same time period. The two
tests, at 00 C, gave yields of about 80 and 65 pct for the
same 20-min leach time. The differences in cumulative
recoveries between these two tests are believed to be due
to temperature variations experienced during testing. The
temperatures inside the reactor were difficult to control
because of the heat of reaction of ammonia with the SLC.
The poor sulfur extraction obtained at _290 C is in agree-
ment with the observations of Ruff and Hecht (19) that the
temperature must be greater than -11,50 C for rhombic
sulfur to initially dissolve in ammonia. Since the ammonia
leaching was successful, the development of a new flow-
sheet (fig. 8) for the recovery of sulfur from phospho-
gypsum was designed. The ammonia used in the forma-
tion of ammonium bisulfide and that used to leach the
SLC are both recycled in the process. These ammonia


























Figure 8.c-Flowsheet for reoovery of sulfur from phosphogypsum, inoorporating ammonia leaohlng.
Carbon Recyclability
Locked-cycle testing was carried out to investigate the
technical feasibility of reloading an activated carbon after
removal of its sulfur load by ammonia leaching. The cycle
consists of two parts: (1) loading of sulfur onto the
activated carbon by oxidation of ammonium bisulfide and
(2) leaching of sulfur using liquid anhydrous ammonia in
the continuous flowthrough system. Ten full cycles were
completed. In this phase of the program, no extended
effort has been made to optimize the loading or leaching
steps of the cycle. The specific purpose of the present test
series was expressly to determine if the carbon would
remain active or whether it would catastrophically degrade
after leaching with ammonia.
The results of the 10 locked-cycle loading and leaching
tests are presented in figure 9. These data graphically
show that the carbon has good potential for recycling after
stripping its sulfur load using liquid anhydrous ammonia.
The leached carbon weight remains constant throughout
the 10 test cycles. The actual weights of the final sulfur
products produced closely correspond to the weight
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Figure g.-Carbon reoyole testing: material weight as funotlon
of test oyole number.
Thus, the sulfur being loaded onto the carbon, as indicated
by weight gain during loading, reports as a final sulfur
product. It is apparent that essentially all of the sulfur on
the carbon is being recovered during leaching in each cycle
(or that a steady state is quickly reached). These data
indicate that insoluble species are not building up on the
carbon and that the carbon is not otherwise physically
degrading. The recovery trend over the 10 cycles shows
that catastrophic degradation of the carbon does not occur.
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In fact, the "bouncing back" of recoveries in the seventh
and ninth cycles to almost as high a level as in the first
cycle indicates that the carbon remains quite active. It
should be noted that the individual data points in figure 9
have been connected by straight lines since the peaks and
dips in weight recoveries are believed to be real and are
due to subtle variations in testing techniques from cycle to
cycle, as opposed to statistical variation.
CONCLUSIONS
The conclusions from this investigation are as follows:
1. Calcium sulfide can be converted to ammonium
bisulfide.
2. Ammonium bisulfide can be oxidized to elemental
sulfur using a carbon catalyst.
3. Sulfur produced by oxidation of ammonium bisulfide
absorbs onto the catalyst and must be removed in order to
produce a final sulfur product.
4. Sulfur may be removed from the carbon by a novel
leaching technique using liquid anhydrous ammonia.
5. Phosphogypsum was converted by thermall'eduction
to calcium sulfide; the calcium sulfide was hydrometallur-
gically converted to ammonium bisulfide; the ammonium
bisulfide was catalytically oxidized to sulfur; and the
sulfur ,,:as recovered by extracting with liquid anhydrous
ammoma.
6. Essentially all of the sulfur absorbed on activated
carbon, produced by oxidation of ammonium bisulfide, is
potentially recoverable as an elemental sulfur product.
7. Leaching of carbon using liquid anhydrous ammonia
can recover essentially 100 pct of the sulfur on the acti-
vated carbon, as demonstrated by locked-cycle testing.
8. The carbon can be recycled and reloaded with sulfur
following ammonia leaching for sulfur tecovery. The car-
bon remains active after leaching, can be reloaded to ap-
proximately its original level, and physical degradation
appears to be minimal.
9. Distillation of sulfur from carbon, which has been
loaded with sulfur by oxidation of ammonium bisulfide, is
also technically feasible using either a vacuum or an inert
carrier gas such as nitrogen.
REFERENCES
1. Boyd, R., and T. D. Phillips. Economics of World Sulfur Supply
to the End of the Century. Proc. Fert. Soc., No. 234, 1985, 36 pp.
2. Morse, D. E. Sulfur. Sec. in BuMines Mineral Commodity
Summaries 1987, pp. 156-157.
3. May, A, and J. W. Sweeney. Assessment of Environmental
Impacts Associated With Phosphogypsum. BuMines RI 8639, 1982,
19 pp.
4. Rosenbaum, J. B., W. A McKinney, H. R. Beard, L. Crocker,
and W. I. Nissen. Sulfur Dioxide Emission Control by Hydrogen
Sulfide Reaction in Aqueous Solution. TIle Citrate System. BuMines
RI 7774, 1973, 31 pp.
5. Chen, K. Y., and J. C. Morris. Kinetics of Oxidation of Aqueous
Sulfide by O2, Environ. Sci. and Technol., v. 6, No.6, 1972,
pp. 529-537.
6. Lefers, J. B., W. T. Koetsier, and W. P. M. Van Swaaij. The
Oxidation of Sulphide in Aqueous Solutions. Chern. Eng. J.
(Lausanne), v. 15, 1978, pp. 111-120.
7. Chemcial Engineering (N.Y.). Gypsum: Ready To Fill the Sulfur
Gap? V. 75, No. 10, 1968, pp. 94-96.
8. D'Arcy, R. G., and J. M. Riley. Process for Recovery of Sulfur
From Gypsum. U.S. Pat. 3,591,332, July 6, 1971.
9. Mayer, B. Sulfur. Ch. in Energy and Environ. Elsevier (N.Y.),
1977, 448 pp.
10. Sawyer, F. G., R. N. Hader, L. K. Herndon, and E. Morningstar.
Sulfur From Sour Gases. Ind. and Eng. Chern., v. 42, No. 10, 1951,
pp. 1938-1950.
11. Rosenwald, R. H., R. J. J. Hamblin, P. Urban, and R. P.
Zimmerman. Sulfide Oxidation: Sulfox System of Pollution Control.
Ind. & Eng. Chern. Prod. Res. and Dev., v. 14, No.4, 1975, pp. 218-226.
12. May, A, and J. W. Sweeney. Conversion of Phosphogypsum to
Sulfur. Part 2.-0xidation of Calcium Sulfide to Sulfur. Paper in
Proceedings of the Third Workshop on By~Products of Phosphate
Industries. FL Inst. Phosphate Res., Bartow, FL, 1986, pp. 67-68.
13. Williams, S. (ed.). Official Methods of Analysis of the
Association of Official Analytical Chemists. Assoc. Off. Anal. Chem.,
Arlington, VA, 14th ed., sec. 6.125, 1984, p. 93.
14. Kolthoff, I. M., E. B. Sandell, E. J. Meeham, and S. I3ruckenstein.
Quantitative Chemical Analysis. Macmillan (New York), 4th ed., 1969,
p. 1130.
15. Karchmer, J. H., and J. W. Dunahoe. Rapid Determination of
Sulfides, Thiosulfates, and Sulfites. Anal. Chem., v. 20, No. 10, 1948,
pp. 915-919.
16. Reeves, R. D., and R. R. Brooks. Trace Elemental Analysis of
Geological Material. Wiley (New York), 1978, pp. 138-159.
17. May, A, D. A Rice, and O. C. Carter, Jr. Recovery of Sulfur
From Phosphogypsum. Part 2.-Conversion of Calcium Sulfide to
Sulfur. Paper in Proceedings of the Second International Symposium
on Phosphogypsum. FL Inst. Phosphate Res., Bartow, FL, 1988,
pp. 134-158.
18. Rice, D. A,and A May. Method of Recovering Sulfur From
Solid Catalysts. U.S. Pat. 4,824,656, Apr. 25, 1989.
19. Ruff, 0., and L. Hecht. Ober das Sulfammonium und seine
Beziehungen zum Schwefelstickstoff (Sulfammonium and its
Relationship to Nitrogen Sulfide). Z. Anorg. Chem., v. 70, 1911,
pp. 49-69 (Engl. sum.).
INT.BU.OF MINES,PGH.,PA 29076
